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Abstract
A glassy carbon electrode modified with functionalized multi-walled carbon 
nanotubes (MWCNT), 1-butyl-3-methylimidazolium chloride (ionic liquid= IL) and 
tyrosinase (Tyr) within a dihexadecylphosphate (DHP) film for the development of a 
biosensor is proposed. MWCNT, IL and Tyr were efficiently immobilized in the film 
using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide 
(EDC/NHS) as crosslinking agents, and which was characterized by cyclic voltammetry 
(CV) in the presence of catechol. The IL-MWCNT nanocomposite showed good 
conductivity and biocompatibility with Tyr enzyme, since the biosensor presented 
biocatalytic activity towards the oxidation of catechol to o-quinone which was 
electrochemically reduced to catechol at a potential of 0.04 V. The calibration curve 
ranged from 4.9 × 10−6 to 1.1 × 10−3 mol L−1 with a detection limit of 5.8 × 10−7 mol 
L−1. The developed Tyr-IL-MWCNT-DHP/GCE biosensor showed a wide linear range, 
good reproducibility, sensitivity and stability and the biosensor was successfully applied 
to the determination of catechol in natural water samples, with satisfactory results 
compared with a spectrophotometric method, at the 95% confidence level.
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1. Introduction
Room temperature ionic liquids (RTIL) are defined as compounds composed 
entirely of ions, which are liquid at a temperature less than 100 °C [1]. The use of ionic 
liquids in electroanalysis provides stability in the electrochemical responses and high 
ionic conductivity without the necessity of adding inert electrolyte. In recent years, 
RTILs have been used in the development of electrochemical sensors and biosensors, in 
most cases being incorporated in carbon paste [2] or carbon composite [3]. 
Nevertheless, there are very few biosensors using RTIL incorporated in film-modified
electrodes. Film-modified electrodes are a good way to entrap proteins and enzymes, 
retaining their bioactivity whilst not interfering in the electrochemical response.
Carbon nanotubes (CNTs) present similarity in length scales with redox 
enzymes, they have high electronic conductivity and good mechanical properties, which 
can improve biosensing devices [4-7], such as tyrosinase biosensors. Ozoner et al.
proposed a flow injection catechol biosensor based on tyrosinase entrapped in a CNT-
modified polypyrrole biocomposite film on a glassy carbon electrode substrate [8]. Man 
and Yo prepared a biosensor containing tyrosinase, single-walled CNT and polypyrrole
for amperometric detection of dopamine [9]. Tsai and Chiu developed an amperometric 
biosensor based on multi-walled CNT-Nafion-tyrosinase nanobiocomposites for the 
determination of phenolic compounds [10]. 
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Dihexadecylphosphate (DHP), or dicetylphosphate, is a surfactant molecule 
with a polar head and two long hydrophobic tails [11]. It can produce stable films on 
electrode surfaces, probably via hydrogen bonds, and has been used in sensors [12] and 
biosensors [13].
Tyrosinase (Tyr) is a blue copper protein (with 2 copper atoms in the active 
centre), which can be considered as a polyphenol oxidase (PPO). This important 
enzyme catalyzes two consecutive oxidation reactions: 1) the o-hydroxylation of 
phenols to guaiacol and subsequently, 2) the oxidation of guaiacol to o-quinones, both 
in the presence of molecular oxygen. Furthermore, Tyr has been extensively used in 
biosensor construction for the determination of phenols [14, 15]. Janegitz and co-
workers proposed a new phenol biosensor based on direct electron transfer by 
immobilizing Tyr on AuNPs electrodeposited on the surface of a BDD electrode [16].
In other work, Yang and co-workers constructed a novel nanocomposite film of 
tyrosinase–chitosan–carbon-coated nickel nanoparticles (CNi) for the detection of 
catechol [17]. Arecchi and co-workers developed a tyrosinase-modified amperometric
biosensor for the detection of phenolic compounds in food, in which the enzyme was
immobilized by drop-coating on a glassy carbon electrode covered by a polyamidic 
nanofibrous membrane prepared by electrospinning [18].
The aim of this work is to evaluate the advantages of a new catechol biosensor 
using 1-butyl-3-methylimidazolium chloride ionic liquid (IL) immobilised within a 
dihexadecylphosphate (DHP) film containing functionalized multi-walled carbon 
nanotubes (MWCNT) and tyrosinase (Tyr) enzyme.
2. Experimental
2.1 Reagents and solutions
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Tyrosinase 50 kU (from mushroom) and dihexadecylphosphate were purchased 
from Sigma. MWCNT (20-30 nm in diameter, 1-2 nm wall thickness and 0.5–2 m in 
length and 95% purity), 1-(3-dimethyl-aminopropyl)-3-ethylcarbodiimide hydrochloride 
(98%), 1-butyl-3-methylimidazolium chloride, N-hydroxysuccinimide (98%) were 
purchased from Aldrich. Catechol (99 %) and 4-aminoantipyrine were purchased from 
Sigma-Aldrich. All other chemicals were of analytical grade.
A 0.01 mol L−1 catechol stock solution was prepared in a 0.1 mol L−1
phosphate buffer solution (pH 7.0), which was made using NaH2PO4 and Na2HPO4. All 
solutions were prepared with Millipore Milli-Q nanopure water (resistivity > 18 M
cm). The phosphate buffer solution was employed as the supporting electrolyte in all the 
measurements with the biosensor.
2.2 Apparatus
The voltammetric experiments were conducted with a three-electrode system: 
the biosensor Tyr-IL-MWCNT-DHP/GCE as working electrode, a platinum wire as 
counter electrode, and Ag/AgCl (3.0 mol L−1 KCl) as reference electrode, to which all 
potentials are referred. Voltammetric measurements were carried out using a model 
PGSTAT12 potentiostat/galvanostat (Metrohm-Autolab, Utrecht, Netherlands) 
controlled by GPES 4.9 software. Cyclic and linear voltammetric measurements were 
carried out in a 20.0 mL electrochemical cell. The background current was subtracted 
from all voltammograms. All experiments were carried out at room temperature.
A Supra 35-VP equipment (Carl Zeiss, Germany) with electron beam energy of 
25 keV, was used to obtained the FEG-SEM images.
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Measurements of pH were performed using an Orion pH-meter, Expandable 
Ion Analyser, model EA-940, connected to a Digimed combined glass electrode with an 
external Ag/AgCl (3.0 mol L−1 KCl) reference electrode.
For comparison, a spectrophotometric method for catechol determination [19]
was carried out using a Femto spectrophotometer (model 435, Brazil) with a quartz 
cuvette (optical path length of 10 mm).
2.3. Functionalization of the multi-walled carbon nanotubes (acid treatment)
The MWCNT were initially purified with 2.0 mol L−1 HCl solution to remove 
metallic impurities, and were then submitted to a chemical pre-treatment using a 
mixture of concentrated nitric and sulfuric acids 3:1 (v/v) for 12 h at room temperature. 
After this, the suspension was centrifuged, the solid was washed several times with 
ultrapure water until pH 6.5–7.0 and was then dried at 120 °C for 6 h. The acid 
treatment promotes the appearance of polar hydrophilic surface groups, such as
carboxyl (−COOH), hydroxyl (−OH), quinone (–C(=O)), nitro (−NO2), and amino 
groups (−NH2) at the ends or at the sidewall defects of the nanotube structure [20-22].
After the acid treatment of MWCNT, an increase in the amount of carboxylic groups 
occurs, as described in detail in a previous, recent article [7].
2.4 Preparation of the Tyr-IL-MWCNT-DHP/GCE biosensor
A glassy carbon electrode (GCE, 5 mm diameter) was carefully polished to a 
mirror finish with 0.3 and 0.05 µm alumina slurries, and rinsed thoroughly with Milli-Q 
water. The GCE was sonicated in isopropyl alcohol and then with Milli-Q water, each 
for about 5 min, and dried at room temperature.
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A mass of 1.0 mg of MWCNT and 1.0 mg of DHP was added to 700 L of 0.1 
mol L−1 phosphate buffer solution (pH 7.0) and subjected to ultrasonication for 30 min 
to give a MWCNT-DHP suspension and then, 100L of 50 mg mL−1 IL solution in 0.1 
mol L−1 phosphate buffer solution was added and the mixture ultrasonicated for a 
further 30 min. Afterwards, an aliquot of 200 L of solution containing 1.0 × 10−3 mol 
L−1 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 2.0 × 10−2 mol L−1 N-
hydroxysuccinimide (NHS) was added in suspension for the carboxyl coupling reaction,
carried out for 2 h with magnetic stirring. A mass of 1.20 mg enzyme (2000 U Tyr) was 
added to the MWCNT suspension and stirred for 2 h. During mixing, Tyr molecules 
were linked by covalent bond formation between the –COOH groups of the MWCNT
and –NH2 of the enzyme [23]. Finally, a stable black suspension was obtained 
containing 1.0 mg of MWCNT, 1.0 mg of DHP and 5.0 mg of IL per mL. Subsequently, 
20 L of this suspension was cast onto the surface of a GCE and the solvent allowed to 
evaporate at 25 ± 1 oC for 12 h. Fig. 1 shows the biosensor fabrication process. 
The Tyr-IL-MWCNT-DHP/GCE biosensor was stored at 4 °C in a refrigerator 
in 0.1 mol L−1 phosphate buffer solution (pH 7.0), when not in use. 
Insert Fig. 1 here
2.5 Preparation of water samples
Natural water samples, A, B and C, were collected from a lake at São Carlos 
Federal University (São Carlos city - Brazil) (GPS A = 21°59’09.47’’S 
47°52’56.07’’W, B = 21°59’10.45’’S 47°52’55.31’’W and C = 21°59’07.53’’S 
47°52’51.01’’W). A sample of tap water, D, was collected at the same university. A
fixed volume (25 mL) was transferred to four different calibration flasks (50 mL). After 
this, an aliquot of 5.0 mL of a 1.0 × 10−2 mol L−1 catechol standard solution was 
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carefully added to each and the final volume of 50 mL reached by addition of ultrapure 
water. The samples were stirred in order to homogenize the solutions. All solutions 
were used without any pre-treatment and were freshly prepared just before the
measurements.
2.6. Spectrophotometric comparison method
A spectrophotometric method [19] was employed in order to compare the 
results obtained with the proposed voltammetric method. This method involves the 
construction of an analytical curve by monitoring the amount of antipyrine dye formed 
by the reaction of 4-aminoantipyrine and catechol. The blank, samples and standards 
were treated as follows. An accurate volume (100 mL) was transferred into a 250 mL 
beaker together with 2.5 mL of a 0.5 mol L−1 NH3 solution, and the pH was adjusted to 
7.9 with phosphate buffer solution. Then, 1.0 mL of a 20.0 g L−1 4-aminoantipyrine 
solution was added and mixed well, followed by 1.0 mL of a 80.0 g L−1 K3Fe(CN)6
solution. After 15 min, absorbances (blank, samples and standards) were measured at 
500 nm.
3. Results and discussion
3.1 Characteristics of the IL-MWCNT-DHP/GCE electrode
The IL-MWCNT-DHP/GCE electrodes were characterised electrochemically.
The combination of functionalized MWCNT and IL results in a nanocomposite with 
good conductivity and biocompatibility. In addition, the proposed film can increase the
electrode electroactive area, as shown below.
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The electroactive area of GCE, DHP/GCE, IL-DHP/GCE, MWCNT-
DHP/GCE and IL-MWCNT-DHP/GCE was estimated in 0.1 mol L−1 KCl solution in 
the presence of 1.0 × 10−3 mol L−1 potassium hexacyanoferrate (II) (data not shown), 
applying the Randles–Sevcik equation [24]:
Ipa = 2.69 × 10
5 n3/2 A D1/2 C v1/2 Eq. 1
where Ipa is the anodic peak current (A), n is the number of electrons transferred, A is 
the electroactive area (cm2), D is the diffusion coefficient of [Fe(CN)6]
4− in 0.1 mol L−1
KCl solution (6.2 × 10−6 cm2 s−1), v is the potential scan rate (V s−1), and C is the 
[Fe(CN)6]
4− concentration in bulk solution (mol cm−3). The slopes of Ipa vs. v1/2 plots for 
the oxidation process (data not shown) were: 4.77 × 10−5, 2.29 × 10−5, 3.11 × 10−5, 7.44 
× 10−5 and 11.0 × 10−5 A V−1/2 s1/2 for GCE, DHP/GCE, IL-DHP/GCE, MWCNT-
DHP/GCE and IL-MWCNT-DHP/GCE, respectively. The estimated electroactive areas 
were thus 0.071 cm2, 0.034 cm2, 0.046 cm2, 0.11 cm2 and 0.16 cm2 for GCE, 
DHP/GCE, IL-DHP/GCE, MWCNT-DHP/GCE and IL-MWCNT-DHP/GCE, 
respectively. The combination of MWCNT and IL increased the electroactive surface 
area by a factor of 2.3 compared to the GCE. This increase can be attributed to the 
unfolding of MWCNT promoted by IL through ‘cation-π’ interactions between the 
imidazolium cation of the IL and the π-electrons of the MWCNT surface, increasing the 
number of exposed MWCNT electroactive sites [25-27].
The influence of IL concentration from 3.0 to 10 mg mL−1 in the film, at a 
fixed amount of MWCNT in DHP 1.0 mg mL−1, on the analytical signal was also 
investigated. For this purpose, a 1.0 × 10−3 mol L−1 [Fe(CN)6]
4− in 0.1 mol L−1 KCl 
solution and potential scan rate of 100 mV s−1 were used. The peak current increased 
with the increase of IL concentration up to 5.0 mg mL−1 in the film (see Fig. SD-1 in the 
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supplementary data). When the concentration of IL was higher than 5.0 mg mL−1 the 
peak current decreased significantly. Thus, a 5.0 mg mL−1 IL concentration was selected 
for further studies.
3.2 Characterisation of the Tyr-IL-MWCNT-DHP/GCE biosensor
3.2.1 Scanning electron microscopy
Fig. 2 shows scanning electron microscopy (SEM) images of IL-MWCNT-
DHP and Tyr-IL-MWCNT-DHP on the surface of GCE. Initially, before enzyme 
immobilization, Fig.2A, it can be seen that the MWCNT are uniformly distributed in the 
IL-MWCNT-DHP nanocomposite film. Tyr was then immobilized within the IL-
MWCNT-DHP film by using EDC and NHS crosslinking agents that link the MWCNT 
carboxylic to the amine groups, as described previously [13]. After Tyr is immobilized
(Fig. 2B), the surface morphology shows agglomerates that can be attributed to enzyme 
on the surface of the CNTs.
Insert Fig. 2 here
3.2.2 Electrochemical behaviour of catechol
The electrochemical behaviour of the catechol system was evaluated using the 
proposed biosensor. Fig. 3 shows cyclic voltammograms (CVs) obtained for Tyr-
MWCNT-DHP/GCE and Tyr-IL-MWCNT-DHP/GCE biosensors, after thirty cycles in 
0.1 mol L−1 phosphate buffer solution (pH 7) containing 1.0 × 10−4 mol L−1  catechol at 
a scan rate of 100 mV s−1. As can be observed, the presence of IL in the biosensor leads 
to a considerable increase in the current response. Under the same conditions, the Tyr-
IL-MWCNT-DHP/GCE (Fig. 3B, solid line) gives higher anodic and cathodic current 
peaks than the biosensor without IL (Fig. 3A, dashed line). Thus, the cathodic peak
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current increased from −3.8 µA at Tyr-MWCNT-DHP/GCE to −7.6 µA at Tyr-IL-
MWCNT-DHP/GCE and the anodic peak current from 2.9 µA to 7.7 µA for the 
biosensor containing IL. In the absence of Tyr in the modified electrode, the CVs are 
similar but the oxidation and reduction current response is lower by about 30 %, since 
no additional effect from enzymatic conversion of catechol to o-quinone (which can be 
reduced and then reoxidised) can occur.
The Tyr-IL-MWCNT-DHP/GCE biosensor presented well-defined anodic and 
cathodic peaks of similar magnitude and nearly symmetric at 0.300 and 0.040 V (scan 
rate 100 mV s−1), respectively, with an Ipa/Ipc ratio equal to one, a formal potential, E
o,
of 170 mV and peak separation (Ep) of 260 mV. The presence of IL in the biosensor, 
showed an improvement in the reversibility of the system when compared with the 
biosensor in the absence of IL which presented a Ep of 383 mV.
Insert Fig. 3 here
These results show a synergic effect due the coupling of IL and MWCNT, 
which combines the high conductivity of ionic liquid with the electrocatalytic activity 
and/or increase of the analytical signal by the MWCNT. 
The effect of scan rate on the analytical response of the Tyr-IL-MWCNT-
DHP/GCE biosensor was evaluated for a 1.0 × 10−4 mol L−1 catechol solution in 0.1 mol 
L−1 phosphate buffer solution (pH 7.0). There was a shift in the peak potentials and 
increase in peak-to-peak separation with increasing scan rate, as can be seen in Fig. SD-
2 in the supplementary data. The linear dependence of the anodic and cathodic peak 
currents with scan rate in the range 10 to 500 mV s−1  indicates that the process is 
controlled by the redox monolayer containing the immobilised Tyr and might be treated 
using Laviron`s equations [28]:
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   Eq. 2
Eq. 3
Eq. 4
where Epa and Epc are the anodic and cathodic peak potentials, respectively, 
Ep = Epa − Epc, α is the charge transfer coefficient, v is the potential scan rate (V s−1), ks
is the heterogeneous electron transfer rate constant (s−1), R is the ideal gas constant
(8.314 J mol−1 K−1), F is the Faraday constant (96,485 C mol−1) and T is the temperature 
in Kelvin (298.15 K).
From the slopes of the plot of the anodic and cathodic peak potentials versus 
the logarithm of the potential scan rate (see Fig. SD-3 in the supplementary data, insert), 
the value of αan was calculated to be 0.92 and αcn = 1.08, which strongly suggests that n
= 2, verified below. The value of ks was calculated to be 35.1 ± 0.8 s
−1 from a plot of 
Ep versus the logarithm of the potential scan rate (see Fig. SD-3). This value is almost 
ten times higher than that previously reported by Wang et al [29] at a
poly(diallyldimethylammonium chloride) functionalized graphene-modified glassy 
carbon electrode (3.85 s−1). The high value obtained indicates the great ability of the 
proposed biosensor to promote electron transfer between o-quinone and the electrode 
surface and can be attributed to the structure of MWCNT that have a large number of 
defects as well as the synergistic effect of MWCNT and IL in promoting o-quinone 
electrocatalysis.
3.2.3 Influence of pH on the determination of catechol
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The influence of pH on the cathodic peak current of the Tyr-IL-MWCNT-
DHP/GCE biosensor was evaluated in the presence of 1.0 × 10−4 mol L−1 catechol 
solution in a 0.1 mol L−1 phosphate buffer solution at scan rate 100 mV s−1. Since the 
literature reports that free Tyr loses activity irreversibly below pH 4.5 and above pH 9.3
[30-32], the selected pH range was from 5.5 to 8.0. The cathodic peak currents 
increased with increase in pH up to 7.0, as seen in Fig. 4A (insert). Above pH 7.0 the 
peak currents decreased. Therefore, phosphate buffer solution at pH 7.0 was selected as 
the supporting electrolyte for further studies.
The effect of solution pH on the anodic and cathodic peak potentials of Tyr-IL-
MWCNT-DHP/GCE was also evaluated. As can be seen in Fig. 4, an increase of pH 
leads to a negative shift in both peak potentials. Fig. 4B (insert) shows a plot of the 
formal potential (E°' = (Epa + Epc) / 2) versus pH. In this study, the formal potential
showed a linear dependence with buffer pH following the equation E°' (V) = 0.554 − 
0.054 pH with a correlation coefficient of 0.996. The value of the slope was − 54 mV 
pH−1, which was close to the theoretical value (59.2 mV pH1) at 25 °C for a reversible 
process involving equal numbers of protons and electrons [35, 36] and, according to 
Equation 6, the enzymatically produced o-quinone (Eq. 5) is electrochemically reduced 
to catechol at the electrode surface. 
catechol + tyrosinase (O2) → o-quinone + H2O Eq. 5
o-quinone + 2H+ + 2e− → catechol (at electrode surface) Eq. 6
A schematic representation of the electrode process is shown in Fig. 5.
Insert Fig. 4 here
Insert Fig. 5 here
3.3. Determination of catechol by linear sweep voltammetry
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The dependence of the cathodic peak current for reduction of o-quinone to 
catechol on LSV scan rate was evaluated in the range from 10 to 150 mV s−1 in the 
presence of 5.0 × 10−5 mol L−1 catechol solution in a 0.1 mol L−1 phosphate buffer 
solution (pH 7.0). A linear increase in the magnitude of the peak current with increase 
of scan rate was observed up to 100 mV s−1. Thus, this scan rate was chosen for 
construction of the analytical curve. Fig. 6 shows voltammograms obtained and the 
analytical curve (insert) for catechol using the proposed Tyr-IL-MWCNT-DHP/GCE 
biosensor.
The LSV method showed a linear response to catechol in the concentration 
range from 4.9 × 10−6 to 1.1 × 10−3 mol L−1, following the equation ΔIpc (µA) = 0.69 + 
3.28 × 104 C (mol L−1) with a correlation coefficient of 0.998. The limit of detection 
(three times the standard deviation for the blank solution (n=10) divided by the slope of 
the analytical curve) was calculated as 5.8 × 10−7 mol L−1. 
Insert Fig. 6 here
Insert Table 1 here
The analytical figures of merit of the proposed method were compared with 
those reported in the literature, Table 1. It can be seen that the proposed Tyr-IL-
MWCNT-DHP/GCE biosensor has a wide linear range (almost three decades), which 
was greater than those reported for other catechol sensors [6, 8, 15, 32, 35-42]. It 
presents a limit of detection lower than the biosensors in [8, 15, 35-37, 39-41] and 
higher than biosensors [6, 32, 38, 42]. The sensitivity of the proposed voltammetric 
method is higher than those of [8, 36, 38, 41] and lower than those of [6, 15, 40]. In 
addition, the proposed biosensor exhibited a great stability, assigned to the 
biocompatibility of Tyr-IL-MWCNT.
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The apparent Michaelis–Menten kinetic constant (KM
app) provides important 
information about the catalytic activity and affinity between enzyme and substrate. It 
can be estimated from the Lineweaver-Burk equation (double reciprocal plot) [16, 39]:
Eq. 7
where Is is the steady-state current measured for enzymatic product and Imax, is the 
maximum current under condition of substrate (catechol) saturation.
The equation of the Lineweaver-Burk plots for the Tyr-IL-MWCNT-
DHP/GCE biosensor was 1/Is = 0,203  38.61×1/[catechol] (correlation coefficient of 
0.995). Table 2 presents KM
app values reported in the literature for different tyrosinase 
biosensors using catechol as substrate. The Imax and KM
app values obtained in this work 
were 4.93 × 10−6 A and 1.9 × 10−4 mol L−1 respectively, which is in agreement with the 
values previously reported for a biosensor containing MWCNT and magnetic 
nanoparticles [41], self-assembled monolayers in a gold electrode [43], a graphite 
electrode [44] and a reticulated vitreous carbon–epoxy resin [45]. Higher values of
KM
app than in this work were reported by Campuzano et al. [46] for Tyr immobilized on 
self-assembled monolayers, by Kiralp et al. [47] for Tyr immobilized on polypyrrole 
and the reports for free Tyr [47-50]. This suggests that the enzyme immobilized in IL-
MWCNT, has a high catalytic activity with a high affinity for catechol, owing to an 
increase of the electron transfer rate.
Insert Table 2 here
3.4. Determination of catechol in water samples using the Tyr-IL-MWCNT-DHP/GCE 
biosensor
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The Tyr-IL-MWCNT-DHP/GCE biosensor was applied to the determination of 
the concentration of catechol in four water samples (three natural water samples, A – C,
and one tap water sample, D, using the standard addition method. As catechol was not 
found in the samples, aliquots of 100 µL of fortified samples (procedure described 
previously) were added to the electrochemical cell containing 20 mL of 0.1 mol L−1
phosphate buffer solution (pH 7.0) to obtain a 5.0 × 10−5 mol L−1 catechol 
concentration. For each sample three determinations were done, and the standard 
deviations were calculated. Table 3 presents the concentrations of catechol determined 
in water samples employing the proposed LSV method and the spectrophotometric
method [19]. After applying the paired t-test [51] to the results obtained by both
methods, the calculated t value of 2.468 is smaller than the critical value (3.182,  = 
0.05), so one may conclude that there is no difference between the two methods at a 
confidence level of 95%. This demonstrates that the Tyr-IL-MWCNT-DHP/GCE
biosensor is appropriate for the determination of catechol in water samples. Other 
advantages are ease of preparation, relatively low cost, stability and lifetime.
Insert Table 3 here
The repeatability (n=10) of one Tyr-IL-MWCNT-DHP/GCE biosensor was 
evaluated in a 5.0 × 10−5 mol L−1 catechol solution. The relative standard deviation 
(RSD) values obtained for intra-day repeatability was 1.16% and inter-day repeatability 
was 2.94%, indicating a good stability of the film. Furthermore, the reproducibility of 
the method was determined from the response of five different Tyr-IL-MWCNT-
DHP/GCE biosensors in the presence of 5.0 × 10−5 mol L−1 catechol. A relative standard
deviation of 4.86% was obtained, indicating high reproducibility.
The long-term stability of the Tyr-IL-MWCNT-DHP/GCE biosensor was 
evaluated by monitoring the response in the presence of 1.0 × 10−5 mol L−1 catechol in 
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0.1 mol L−1 phosphate buffer solution (pH 7.0) during 30 days (190 determinations in 
this period). The cathodic current response decreased by only 5.0 % after this time. This 
stability is due to two main factors, the immobilization procedure, which provides good 
entrapment of the enzyme within the IL-MWCNT-DHP film and to the biocompatibility 
between MWCNT and Tyr.
The interference of species such as sodium, potassium, magnesium, calcium, 
aluminum, iron(III) cations and carbonate, chloride, phosphate and sulfate anions and 
humic acid on catechol determination was evaluated in phosphate buffer solution (pH 
7.0) containing 5.0 × 10−5 mol L−1 catechol spiked concomitantly with each interferent 
(5.0 × 10−3 mol L−1). The results showed that for all tested species a change in the 
electrode response of less than 5 % occurred and did not disrupt the determination of 
catechol by the proposed biosensor at the concentration evaluated.
4. Conclusions
In this study, the enzyme tyrosinase was successfully immobilized in IL-
MWCNT-DHP/GCE. The use of MWCNT and IL, led to a synergistic effect by 
combining the high conductivity and biocompatibility of the ionic liquid with the 
MWCNT electrocatalytic activity and increased analytical signal. The Tyr-IL-
MWCNT-DHP/GCE biosensor was applied to the determination of catechol by LSV 
with linear responses in the concentration range from 4.9 × 10−6 to 1.1 × 10−3 mol L−1
and a detection limit of 5.8 × 10−7 mol L−1, besides presenting good intra and inter-day 
repeatability. The Tyr-IL-MWCNT-DHP/GCE biosensor was applied to the 
determination of catechol in water samples with good results, exhibiting high stability 
and long lifetime. Moreover, the use of this biosensor architecture can be an excellent
methodology to immobilize other enzymes or proteins.
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Figure Captions
Fig. 1. Scheme of the reaction of IL, EDC and NHS with the MWCNT and the enzyme 
Tyr.
Fig. 2. SEM images of IL-MWCNT-DHP (A) and Tyr-IL-MWCNT-DHP (B) on the 
surface of the GCE.
Fig. 3. CVs of Tyr-MWCNT-DHP/GCE (A, dashed line) and Tyr-IL-MWCNT-
DHP/GCE (B, solid line) after 30 cycles in a 1.0 × 10−4 mol L−1 catechol / 0.1 mol L−1
phosphate buffer solution (pH 7.0) at scan rate 100 mV s−1.
Fig. 4. CVs of the Tyr-IL-MWCNT-DHP/GCE in a 1.0 × 10−4 mol L−1 catechol / 0.1 
mol L−1 phosphate buffer solution, from pH 5.5 to 8.0. Scan rate 100 mV s−1. Inset A: 
Influence of pH on the cathodic peak current. Inset B: dependence of Eo' of Tyr versus 
pH.
Fig. 5. Schematic representation of the reduction of o-quinone produced in the
enzymatic reaction catalysed by Tyr in the presence of oxygen on the Tyr-IL-MWCNT-
DHP/GCE biosensor.
Fig. 6. LSVs obtained with the Tyr-IL-MWCNT-DHP/GCE biosensor in a 0.1 mol L−1
phosphate buffer solution (pH 7.0) containing different concentrations of catechol: (a) 
4.9 × 10−6, (b) 2.2 × 10−5, (c) 4.7 × 10−5, (d) 9.8 × 10−5, (e) 2.4 × 10−4, (f) 4.7 × 10−4, (g) 
6.9 × 10−4, (h) 9.0 × 10−4 (i) 1.1 × 10−3 mol L−1. Inset: Analytical curve.
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Table 1 Comparison of figures of merit obtained using the proposed biosensor and other 
tyrosinase biosensors for the determination of catechol.
Electrode Linear range
(µmol L−1)
Detection Limit
(µmol L−1)
Sensitivity
(mA mol-1 L)
Stability
Tyr-DNA/CP 1.0 – 50 1.0 – Shelf life: 2 months
Tyr-PAPCP/ITO 1.6 – 140 1.2 3.5 80% remained after 120 days
Tyr/SPPtE – 1.7 – 50-60% after 150 measurements
Tyr-Oscomplex-functionalized/Pt – 0.01 6.1
Tyr-Agarose-guar gum/GCE 60 – 800 6.0 – Shelf life: 2 months
Tyr-MWCNT-PPy/GCE 3.0 – 50 0.67 8.0 85% remained after 70 days
Tyr/MWCNT/AuNPs/AEP/Au 1.0 – 500 0.8 150 80% remained after 42 days
Tyr-MWCNT-MNP/SPE 10 – 80 7.6 4.8 Shelf life: 1 month
Tyr-MWCNT 0.2 – 10 0.2 226 72% remained after 30 days
Tyr-PO4–PPy/Pt 10 – 120 0.84 47 80% remained after 30 days
Tyr-PANI/Pt 5.0 – 140 0.05 – 90% remained after 120 days
Tyr-HTLc/GCE 3.0 – 300 0.1 – 72% remained after 30
Tyr-IL-MWCNT-DHP/GCE 4.9 – 1100 0.58 32.8 95% remained after 30 days
CP: Carbon paste; PAPCP: Poly (N-3-aminopropyl pyrrole-co-pyrrole); ITO: indium-
tin-oxide; SPPtE: Screen-printed Pt electrode; Os: Osmium; Pt: Platinum electrode; 
PPy: Polypyrrole; AuNPs: Gold nanoparticles; AEP: Acetone-extracted propolis; Au: 
Gold electrode; MNP: Magnetic nanoparticles; PANI: polyaniline; HTLc: Mg–Al–CO3
hydrotalcite-like.
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Table 2 KM
app values of different Tyr biosensors for catechol.
Biosensor KM
app/mol L−1 Reference
Tyr-MWCNT-MNP/SPE 1.8 × 10−4 [41]
Tyr-SAMs/Au 1.8 × 10−4 [43]
Tyr-IL-MWCNT-DHP/GCE 1.9 × 10−4 This work
Tyr/GE 1.9 × 10−4 [44]
Tyr/RVC-ER 2.0 × 10−4 [45]
Free Tyr 2.8 × 10−4 [48]
Tyr-MPA-SAMs/Au 3.3 × 10−4 [46]
Free Tyr 4.4 × 10−4 [49]
Free Tyr 4.0 × 10−3 [50]
Tyr-PPy/Pt 1.0 × 10−1 [47]
Tyr-PPy-MM/Pt 2.0 × 10−1 [47]
SPE: Screen printed electrode; MNP: Magnetic nanoparticles; Au: Gold electrode; 
SAMs: Self-assembled monolayers; GE: Graphite electrodes; RVC-ER: Reticulated 
vitreous carbon-epoxi-resin; MPA: 3-mercaptopropionic acid; PPy: Polypyrrole; MM: 
menthyl monomer.
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Table 3 Determination of catechol in water samples by LSV using the Tyr-IL-MWCNT-
DHP/GCE biosensor and spectrophotometric method .
                          Catechol (10−6 mol L−1)
Samples Reference method* LSV method Relative error**
A 50.9 ± 0.2 51.2 ± 0.4 +0.6
B 49.0 ± 0.4 53.8 ± 0.6 +9.8
C 49.1 ± 0.2 51.0 ± 0.3  +3.9
D 51.4 ± 0.6 49.2 ± 0.5 −4.3
* spectrophotometric method - Average of 3 measurements.
** [(proposed method – reference method) × 100] /reference method.
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